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ABSTRACT 


i 


Conventionally Power Syateni Stablliisera (PSS) are used 
for the improvement of Dynamic stability of power systems. 
Dynamic stability can also be improved by using auxiliary 
controllers in Static Var Systems (SVS) . 

This thesis considers the problem of designing the 
most suitable signal for SVS auxiliary controllers for dynamic 
stability improveflient . The input signals considered for these 
controllers are line power at SVS bus, SVS bus frequency, Computed 
Internal Frequency (CIF) and a combination of line power and SVS 
bus frequency. The controller la designed for each case using 
partial pole placement technique for dynamic output feedback. The 
power system considered is a single machine - infinite bus system 
with an SVS at the midpoint of the transmission line and it la 
modelled on the lines of the Hef f ron-Phl 1 Ips model. 

In tlie method proposed here, the SVS auxiliary 
controller is designed at a particular chosen point in the P-Q 
plane, (P and Q represent respectively the real and reactive power 
outputs of the generator) and the region in P-Q plane in which the 
auxiliary controller shows satisfactory performance judged on the 
basis of a sector criterion for system poles Is determined for 
each input signal. Each region is the region of robustness 
associated with the corresponding signal. The moat efficacious 
signal for SVS auxiliary controller for dynamic stability 
Improvement Is determined by comparing the regions of robustness 
obtained with each signal. 



ii 


U^jfing the propoaed method the moat efficacioua signal 
for SVS auxiliary controller ia determined for both weak and 
a t r ong tranami aa i on aya t ema . 

SVS bua frequency signal ia found to be the moat 
efficacioua signal for both weak and strong transmiasion systems. 
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1. INTRODUCTION 


1 . 1 GENERAL 

Power system stability is an important factor in 
planning, design and operation of power systems. Power system 
stability is usually classified into 

(a) Transient stability 

(b) Steady state stability 

(c) Dynamic stability 

Transient stability refers to the stability in the 
sense of maintenance of synchronism of the system under large 
disturbances such as a fault on a line, switching of one of 
several parallel lines out of circuit, combination of a fault and 
its subsequent isolation by disconnecting part of the system or a 
sudden and large change in load. Transient stability can be 
1 proved by using fast acting, high gain excitation systems, static 
var systems, etc. 

Steady state stability refers to ability of the system 
to meet small incremental power demand at an operating point 
without losing synchronism. Excitation and static var systems help 
in improving the steady state stability limit. 

It is well known that modern fast acting, high gain 
excitation systems decrease system damping. Uhen damping becomes 
sero or negative the system becomes unstable. This is referred to 
as dynamic Itistahillty of the system. The instability manifests 
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itfiielf as low frequency oscillations of sustained or growing 
nature. These oscillations occur usually In the range of 0.2 to 
2.0 Hz. Dynamic instability is more likely to occur when large 
real powers are transferred, power la delivered at leading power 
factor or line reactance la large. 

Power system stabilizers are widely used to damp out the low 
frequency oscillations. They are auxiliary controllers located at 
the generator bus. They commonly receive a feedback signal from 
either rotor speed or electrical power output and provide a 
supplementary stabilizing signal to the excitation system of the 
generator. It has been found that static var systems which are 
used to improve the voltage profile and reactive power conditions 
of the system can also damp the low frequency oscillations with a 
suitably designed auxiliary controller. SVS comprises of a fixed 
shunt capacitor bank in parallel with a thyristor controlled 
reactor continuously controlling the inductive current . 

PSS and SVS auxiliary controller damp out low frequency 
oscillations by reactive power control. Uhile PSS modulates 
reactive power flow through excitation control of generator, SVS 
auxiliary controller achieves this by controlling SVS reactive 
power. Various approaches to PSS design are available in the 
literature. Some of them can be modified and used for SVS 
auxiliary controller design. A few major works on PSS design 
methodology are reviewed below. 
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1.2 REVIEW OF PSS DESIGM METHODOLOG IES 

The mala approaches to PSS dealgn are design methods 
baaed on claaalcal control theory [1,2, 3, 4], design methods baaed 
on minimization of performance index [5,6,7] and design methods 
baaed on pole assignment [8,9,10,11,12,13], 

deMello and Concordia [1] analysed the problem of 
dynamic atablllty in terms of synchronizing and damping torques. 
Using frequency response technique they designed a phase lead 
compensator that uses rotor speed deviation aa input signal to 
increase the damping torque. 

Larsen and Swann [4] used rotor speed deviation (Aio) , 
rotor frequency deviation (Af) and change in electrical power of 
the generator (AP) as the input signals to PSS. They compared the 
performances of these signals with respect to local modes (0.8 to 
1.8 Hz) and inter area modes (0.2 to 0.6 Hz). Their study 
Indicates that power input stabilizer provides the best overall 
local mode damping. The speed input stabilizer provides better 
local mode damping than the frequency input stabilizer for strong 
transmission systems whereas frequency input stabilizer provides 
better local mode damping than speed input stabilizer for weak 
transmission systems. They suggested that for a good performance 
over a wide range of cont Ingencl ea a stabilizer should be designed 
to provide adequate local mode damping under all operating 
conditions, with particular attention to condition of heavy load 
and weak transmission and slmulataneously to provide a high 
contribution to damping of Intertla modes. 
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Anwar [9] uaed dynamic output feedback methods to shift 
the eigenvalues corresponding to the rotor mode to suitable 
locations. The effectiveness of generator power, rotor speed and 
frequency signals was studied in terms of the stable regions in 
P-Q plane obtained with these signals. It was reported that the 
effectiveness of signals varied with system strength. The stable 
P~0 region obtained for power signal is same for all system 
strengths. For strong systems frequency signal is found to be 


better than speed signal whereas 

f or 

weak 

systems 

and 

higher 

loading conditions apeed aignal 

frequency aignal . 

is 

found 

to be 

better 

than 


Bandhyopadhyay and Prabhu [10] designed a composite 
adaptive PSS which derives the control signal from the weighted 
sum of outputs of individual PSS. Madhu [13] designed a Robust 
adaptive composite PSS using pole placement technique. Angular 
velocity deviation (A<^), angular acceleration deviation (Ao^) and 
both A<o and (two input PSS) were used as the input signals to 
PSS. It was found that the performance with a two input PSS is 
superior to that with a single input PSS. 

1.3 IMPROVEMENT OF DYNAMIC STABILITY USING STATIC VAR SYSTEMS i 
A REVIEW 

Reactive power modulation through SVS has been reported 
to be an effective means of damping the long-term power and 
voltage oscillations [14]. Schwelckardt et al . [15] discussed the 
necessity of a suitable auxiliary feedback for improving the 
system damping using SVS. 
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Kinoahlta [16] has studied the effect of SVS on dynamic 
stability with three stabilising cit-cuit schemes. The use of 
power deviation as an auxiliary signal improved the damping of the 
system significantly. It la also reported by the author that the 
use of high-gain quick response SVS controller increases the 
synchronizing power and improves the dynamic stability greatly. 

Padlyar and Rajasekharam [17] have used a simple 
proportional controller as SVS stabilizer with input signals 
derived from bus voltage and bus frequency deviation. They 
considered voltage dependent loads and investigated the dynamic 
stability of the system. They found that frequency feedback 
improves system damping significantly. Padlyar and Varma [IS] 
have studied the efficacy of various control signals in damping 
the low frequency oscillations. They compared the signals on the 
basis of power transfer limits. A new auxiliary control signal. 
Computed Internal Frequency (CIF) was found to be the beat signal. 
CIF la the synthesized frequency of generator internal voltage 
from locally available bus voltage, transmias 1 on line current and 
the total Inductance between generator internal voltage and local 
bus. Among the auxiliary signals used they found that line 
reactive power requires a phase lead compensation in the auxiliary 
controller whereas bus frequency and CIF require a phase lag 
compensation in the auxiliary controller. 

Ramar and Srlnivas [19] designed the SVS stabilizer 
using pole placement technique. The stabilizer uses line power as 
the auxiliary signal to damp low frequency oscillations. 


Hamouda 
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et al . [20] considered the problem of damping low frequency 
oscillations as well as torsional modes of steam turbine 
generators. They used both PSS and SVS for this purpose. They 
reported that the use of modal speeds as auxiliary signals to SVS 
result in damping of low frequency oscillations as well as 
torsional modes. 

It is noted that various signals with suitable 
controllers for SVS have been tried to Improve dynamic stability 
of the system. In actual practice, the operating point, which 
depends on the load conditions, keeps on varying. The controller 
designed at a particular operating point may not perform 
satisfactorily at other operating points. In this thesis, we 
design an auxiliary controller at a particular operating point 
(design point) in P-Q plane using pole assignment technique. The 
performance of the controller as the operating point varies la 
evaluated by considering the location of the closed loop poles of 
the system. A sector in the left half of the a-plane is defined 
based on damping requirements. The operating point of the system 
la varied and the region in P-Q plane for which the closed loop 
eigenvalues of the system lie within the sector is found out. 
This is the region of robustness associated with the design point. 
The regions of robustness are found out for different signals and 
the beat signal is determined baaed on these regions for both weak 
and strong transmission systems. 
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1.4 SCOPE OF THE PRESENT WORK 


A single 

machlne- 

infinite bua 

aystem la considered 

with 

an SVS at the mid- 

-point of 

the t ranajniea ion line. To 

damp 

the 

low frequency oscillations 

auxi 1 iary 

controller for 

SVS 

is 

designed using pole 

placement technique. 

Line power. 

SVS 

bus 

frequency, Computed 

Internal 

Frequency and a combination 

of 

line 


power and SVS bus frequency are used as input signals to auxiliary 
controller. The auxiliary controller is designed for each signal 
at a particular operating point in the P-Q plane. The 

effectiveness of the signals used la compared in terms of the 
regions of robustness obtained with each signal and the beat 
signal la determined based on robustness considerations for both 
weak and strong transmission systems. 

A chapterwise summary of the work reported in thesis is 

as follows. 

Chapter 2 deals with the modelling of power system and 
SVS. A modified Heffron-Philips model represents the system. SVS 
la represented by a variable susceptance model. State equations 
for machine, excitation system and SVS with voltage regulator are 
derived . 

In Chapter 3 the design of SVS auxiliary controller la 
discussed. Partial pole placement technique for dynamic output 
feedback is applied for the design of auxiliary controller. 
Expressions for line power, SVS bus frequency and Computed 

Internal Frequency are derived in terms of state variables and the 

.0 ,ii 
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application of the pole placement technique with respect to each 
of these signals Is discussed. State equations for the auxiliary 
controller and the total system are derived. A sector in the 
a-plane within which the location of eigenvalues is permitted for 
the analysis of robustness is defined. 

Chapter 4 presents the results of the analysis of 
robustness with the signals considered. Open loop eigenvalues 
(eigenvalues without SVS) , and eigenvalues with only SVS voltage 
regulator are given. Auxiliary controller parameters and the 
closed loop eigenvalues at the design point are given for all the 
signals and system strengths considered. Regions of robustness 
are plotted for different signals and the beat signal is 
determined on the basis of these regions for both strong and weak 
systems. Initial condition response for angular position of rotor 
for different operating points Is also presented. 

Chapter 5 gives conclusions and suggestions for future 


work. 



2. MODELLING OF THE POWER SYSTEM 


2.1 INTRODUCT ION 

In this study the power system is modelled as a single 
machine-infinite bus system with an SVS at the mid point of 
transmission line. The machine-transmission line system is 
modelled on the lines of the well known model of Heffron-Philips 
with modifications to include the mid point SVS. A single 
time-constant model is chosen for excitation system. SVS la 

modelled as a variable susceptance. The disturbances considered 
in dynamic stability problem are small and change the state of the 
system only slightly. Therefore all the system equations are 
written for small perturbations around operation condition. In 
this chapter state equations of the system with SVS voltage 
regulator are derived. The design of auxiliary controller is 
considered in Chapter 3. 

2.2 POWER SYSTEM MODEL 


2. 2. 1 System Under Study 

The system under study has a 5000 MVA generator 
transferring power to an infinite bus over a 500 kV double-circuit 
transmission line of 200 km length. An SVS is installed at the 
mid point of the transmission line. The system is same as 
considered by Klnoshlta [16] except for minor modifications. The 
system is shown in Fig. 2.1. Machine and network constants along 
with load flow results are given in Appendix 1. 
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F'lG- 2.1 


SINGLE MACHINE-INFINITE BUS SYSTEM UNDER .STUDY. 
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S- iS Modifiecl Hef f ron— Philips Mod^sl of” iho Syst/Om 

The system is modelled on the lines of Hef f ron-Phl 1 ipa 
model with modifications to include the mid point SVS- The 
transmission line is represented by a T network and SVS ia 
modelled as a variable susceptance. Transmission line susceptance 
and SVS susceptance are clubbed together. The simplified model of 
the system is shown in Fig. 2.2. 


ft* 3 Asssiumpt 1 ori!^ Made? In Developing S'ystem E quations 


1 . 
2 . 
3. 

4 . 

5 . 


Amortisseur effects are neglected. 

Stator winding resistance is neglected. 

The voltage terms due to rate of change of flux linkage in 

time, namely X and X are negligible compared to the speed 

voltage terms 6 jX and <»>X . . 

q d 

The actual speed of the generator is assumed to be close to 

the nominal speed, w . 

K 

Balance conditions are assumed and magnetic saturation 
effects are neglected. 


2. 2. 4 Adequacy of Simplified Linear Model 


Since the disturbances considered in dynamic stability 
problem are small and change the state of the system only slightly 
it la valid to write the system equations for small perturbations 
around operating condition. 

The damper windings are neglected as their transients 
die down in a short time after the disturbance to have any effect 



FIG. 2.2 SIMPLIFIED MODEL OF THE SYSTEM. 


d 


q 


C 

clirecLlon of rotat-ion 


FIG. 2.3 a-b-c AND d-q REFERENCE FRAMES. 
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on the low frequency oscillations that coiiaprise the dynamic 
stability problem. The network dynamics are fast compared to the 
electromechanical dynamics of the rotor of the machine and hence 
they are neglected and the network is represented by algebraic 
equations . 

Power systems normally operate under balanced 
conditions and the perturbations considered are assumed not to 
make the system unbalanced. 


2* 2. 5 Development of the Model 

2« 2. Sm 1 Axes of reference 

Let V/0^ , and V^/tS represent, respectively, the 

infinite bus, line mid point and generator terminal voltage 
phasors (see Fig. 2.2), 

The machine d-q axes with respect to the a-b-c winding 
axes and the direction of rotation are shown in Fig. 2.3. 


Using Park’s transformation all the system equations 
are transformed to d~q axes reference frame. 


2. 2. 5, 2 Expressions for generator currents 


The generator terminal voltage in terms of generator 
currents and the speed emf corr espondlng to the direct axis flux 
linkage, e^ can be expressed as [22] 


V 


td 



( 2 . 1 ) 
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q d d 


( 2 . 2 ) 


The generator terminal voltage can also be written in terms of 
network currents and infinite bus volotage as (see Fig. 2.2), 


V 


td 


= - yl V sin <5 + R (1^ - i^^) + X (i^ - i,^) + Ri^ + XI 


Iq’ 


q 

(2.3) 


= -/a V cos c5 + R (1 - 11 - X (i^ - i,^) + Ri - Xi^ 

tq q Iq-^ d Id"^ q d 


(2.4) 


Also 


Id 


Iq 


(v^ - Rl + Xl^) B 

^ tq q d"^ 


(v^ , - Ri . - XI ) B 
'' td d q'^ 


(2.5) 

( 2 . 6 ) 


Uritlng the above equations for small perturbations around 
operating condition and simplifying we get. 


I 1 


r G 

G ^ 

G ^ 1 

dA 


11 

12 

13 

I 

= 

G . 


G«^ 

J 


21 

2 2 

23 


where 


dA 




Y3 


■qA 


'qA 


B. 


1 * ® ' A 

qA _ qA 

yi -/3 


(2.7) 


Expressions for the parameters ^ in eqn. (2.7) are given in 


Appendix 2. 
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2. 2. 5. 3 equation 

The d axl£s stator emf corresponding to the field 

voltage and are related by the following equation, [22] 


FD 


(1 + T 


do 


s) 


- (x_ 


- 


( 2 . 8 ) 


Urlting eqn. (2.8) for small perturbations around the operating 
condition and substituting In It for I from eqn. (2.7) and 
rearranging the terwvS the following equation la obtained 


! 

F - 

1 



A - 


l + K. T s 
3 do 

FDA 

1+K. T ' s 

3 do 

*A 



(2.9) 

Expressions for the parameters and Kg are given in Appendix 

3. 


2. 2. 5. 4 Torque equation 


The expression for electrical torque of the generator 

is given by 


[V.I . + V I ] 
'• d d q q 


( 2 . 10 ) 


Urlting eqn. (2.10) for small perturbations around operating point 
and eliminating and from the resulting equation 

reaulta In 




KoE' + 

2 qA 


S »A 


( 2 . 11 ) 
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Expr ftos i oti« for the parameters and are given In Appendix 

3. 

2. a. 5. 5 Generator t&rnd.nal voltage equation 


The generator terminal voltage in terms of its d-q 
components can be expressed as 


t d q 


( 2 . 12 ) 


Writing eqn. (2.12) for small perturbations around 
operating point and simplifying we get. 


V 


tA 


K 6 + 

5 A 


K.E'. + K-B. 

6 qA 9 A 


(2.13) 


Expreaaiona for K- , K. and K- are given in Appendix 3 

bo y 


2. 2. 5. 6 Rotor equations 


These equations are given below 


Hw, 


T - T 
mA eA 


(2.14) 


•"a = “a 


(2 . 15 ) 


2. 2. 5. 7 State equations for the machine 

The dynamics of turbine-speed governer la much slower 
than that of the generator and therefore in eqn. (2.14) is set 
to zero. Thus, from eqns . (2.9), (2.11), (2.13), (2.14) and 
(2.15), we get the state equations of the machine to be 
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'qA 


-1 

- 

qA 

r 1 

4- 

1 

p - 

[*^8 1 

J^3 "^do 

1 

0 

"a ^ 

J . 

FDA 

do 


B, 


(2.16) 


* 

r-^2i 

E " 

r^ii 

s 


A 

n 

V, J 

, qA 

l« j 

A 

K 

L J 


B. 


(2.17) 




(2.18) 


2. 2. 5. 8 State equation for excitation system 


A single tlme-conatant excitation aystem model was used 
by many researchers [1,8,9,13,19,22]. This model does not belong 
to any of the IEEE standard excitation system models [21]. But it 
la an approximate model suitable for the study of dynamic 
stability problem. In this study we have choosen the same model 
to represent the excitation system. A block diagram of the 
excitation system model la shown in Fig. 2.4. 


is 


The state equation for the above system with = 0 



(2,19) 


Substituting for from eqn. (2.13) 






B 


A 


( 2 . 20 ) 




FC-TCR 
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2. 2. 5. 0 Stale oquaitons for ntachlne and excitation systems 

Eqn.s (2.16), (2.17), (2.18) and (2.20) can be written 

in matrix form as. 



Eqn. (2.21) la written aa 


( 2 . 21 ) 



( 2 . 22 ) 



and and are the atate and input matrlcea in eqn. (2.21). 

The atablllty of the ayatem for a particular operating 
condition and fixed ahunt corapenaatlon at mid point of 
tranamlaalon line without SVS la atudled by finding out the 
eigenvaluea of matrix . It ia found that a pair of eigenvaluea 
corresponding to the electromechanical oaclllatlon of the rotor 
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are located in t!ie right half of the s plane Indicating that the 
aystein witfiout SVS ia unatable (reaulta given in Chapter 4). The 
effect of SVS on damping ia , studied by conaidering a voltage 
regulator for SVS. The voltage deviation at the mid point of the 
tranamlsalon line ia the input aignal to SVS voltage regulator. 

2.2.5.10 Output equatloni tar- machine— excitation system 


The voltage deviation at the mid point of the 
tranaraiaaion line ia the output aignal for the machine- exc i t at 1 on 
ayatem. This aignal ia fed to the voltage regulator of SVS. 


The mid point voltage deviation in terms of and 


B. ia 
A 


R 3 ] 


E'a 

qA 


B. 


(2.23) 


The derivation and expreaaiona for and R^ are given In 

Appendix 4. 

Eqn. (2.23) can be written in the standard form of 
output equation aa , 


’'l = <^1 5l * “l"! 


(2.24) 


y. = V 


01A 


-1 "" ^*^qA “a ‘^A ^FDA^ 


where 
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[R^ 0 0] 








Eqna . 

(2. 

22) 

and 

(2.24) 

form the first set 

equat 1 

ons 

in 

this 

model : 





= 

A.x, + 
1-1 

— 1 1 




s: 

C. X + 

1—1 

d. u., 

1 1 


(I) 


a. 3 MODELLING OF SVS 


a. 3. 1 General 

SVS configurations can be broadly classified Into two 
categories : 

1. Fixed Capaci t or-Thyristor Controlled Reactor (FC~TCR) 

configuration . 

2, Thyristor Switched Capacitor-Thyristor Controlled Reactor 

(TSC-TCR) conf iguration. 

For small voltage perturbations the performance of both FC-TCR and 
TSC-TCR la identical [23]. The FC-TCR configuration la considered 

In this study. 

FC-TCR comprises of a thyristor controlled reactor In 
parallel with a fixed capacitor bank. It la connected to the 

through a olrcult breaker. It alao haa the 
aoaauretient, protection and other auklliary davlcaa 
■ achomatlc diagram of FC-TCR la ahoun In Fig. 2.5. 


The 
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The primary function of SVS is to maintain a constant 
voltage at its terminals through the exchange of reactive power 
with the transmission system. The steady state control 
characteristic of SVS la shown in Fig. 2.6. 

SVS la preset to maintain its terminal voltage at V 

^ JC iS' f 

For amall voltage changes around ^VS operates along the 

segment 1-2 of the control characteristic, [see Fig- 2.6]. Along 
this segment B is kept constant and is varied so that the net 

susceptance is . For small voltage rise around V^ 

c. ret 

Inductive compensation and for small voltage drop around V 

ret 

capacitive compensation are provided. 

Large voltage changes take SVS out of its control 

range. Large overvoltage reduce the action of SVS to that of a 

shunt reactor with constant susceptance B, -B . SVS acta as a 

Imax c 

fixed capacitor with constant susceptance , -B for large 

Imin c 

undervoltage. The slope of the segment 1-2 of the control 

characteristic represents a compromise between SVS rating and the 
voltage stability requirement. 

Fig. 2.7 shows a block diagram of a general control 
system of SVS. 

The three phase voltages at the SVS bus are sensed 

through PTs by a measuring device. The output of this measuring 

device is a low voltage dc signal which is compared with reference 

input V . The difference between these two signals la the error 
ref 

signal V which is fed to the regulator, 
e 


Various types of 
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regulators such as simple Integral controller [24,25,26], 
proportional gain with a time constant [16,24,27,28,29], 
proportional integral controller [15,18], a lead-lag circuit [30] 
or a lag circuit in cascade with one [31] or two [31] lead-lag 
transfer functions have been used. The output of the voltage 
regulator la fed to the gate pulse generation unit which 
determines the firing angle for TCR. The SVS current input which 
is added to the summing junction of the regulator through gain Kj^ 
results in the desired droop in the V-I characteristic of SVS. 

TCR can be represented as a variable susceptance [32] 
or as an intertialess controllable voltage source behind a fixed 
reactance [ 30 ] . 

2. 3. a Simplif ied Model of SVS 

In the simplified model, the dynamics of measurement 

circuits and TCR are neglected. The response times of these 

circuits are too small, (measurement circuit time constant t 3 

to 5 msec, TCR firing circuit delay t Ci 5 msec and thyristor dead 

s 

time t. 1.667 msec for a six pulse converter), with respect to 
d 

the low frequency oscillations of the power system in the order of 
0.1 to 2.0 Hz, which are to be damped out. 

The current droop in the V-I characteristic and the 
limitations on the size of SVS are ignored as the objective here 
la to study the damping effects of SVS rather than the voltage 
regulation of the system. A linear relationship is assumed 
between the change in SVS susceptance and the change in its firing 
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atigle. A single time constant voltage regulator is considered. A 
block diagrani of the system with SVS controllers is shown in Fig- 
2 . 8 . 

The performance of SVS without auxiliary signal 
feedback is studied by developing the system equations without 
auxi 1 iary controller. 

^ Equations of the Power Sysit&m Without. SVS AuKlIiary 
Controller 

Referring to Fig. (2.9) the state and output equations 
for SVS voltage regulator are written as 





^^refA 




(2.24) 


In the absence of auxiliary controller 
eqn. (2.24) can be written as 


by setting V 


ref A 


to zero, 





^xnA^ 


Eqn. (2.25) la written as 


(2.24) 


^2 ~ ^ 2^2 ^ ^ 2^2 

(II) 

^2 ~ ^ 2^2 


where 



S'VS AuKiiiar y Coriir oller’ 



V T r: 


2-9 BLOCK DIAGRAM OF SVS VOLTAGE REGULATOR 
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The machine and excitation system are represented by eqn. (1)- 
Eqn . (II) represents SVS with voltage regulator. Eqna . (I) and 
(II) can be combined to get 



(III) 


Derivation of eqn. (Ill) is given in Appendix 5. Eqn. (Ill) 
represents the state equation of the power system without SVS 
auxiliary controller. 

On finding out the eigenvalues of the system 
represented by eqn. (HI), (results given in Chapter 4), it is 
found that a pair of eigenvalues corresponding to the 
electromechanical oscillation of the rotor are located too close 
to the imaginary axis in s-plane indicating that SVS with only 
voltage regulator is not capable of damping the low frequency 
oscillations satisfactorily. Therefore auxiliary .signals such as 
line power, SVS bus frequency, CIF and a combination of line power 
and SVS bus frequency are used with an auxiliary controller to 
Improve the damping of the system. 



3. DESIGN OF SVS AUXILIARY CONTROLLER 


3. 1 GENERAL 

As indicated in the previous chapter, SVS with only 

f 

voltage regulator is not effective in damping the 

electromechanical oscillations of the rotor. Therefore an 

auxiliary controller for SVS la designed in order to provide 

sufficient damping to the system. Uhen PSS is used to Improve the 
damping of the system it la designed as a phase lead network, [1], 
and it is found that such a design Improves the system damping 
algnl f leant ly . 

Tiie objective of improving damping of the system can 
also be viewed as shifting the real parts of the system 

eigenvalues to more stable locations in s~plane. As it is 

indicated in the previous chapter, the pair of eigenvalues 
corresponding to rotor oscillation is found to be critical for 
dynamic stability of the system. The auxiliary controller is 

designed to shift these eigenvalues to prespecifled locations in 
the a-plane. The technique of partial pole placement for dynamic 
output feedbakek as given by Munro and Hlrbod [33] is used to 
design the controller. 

3.2 ORDER OF THE COMPENSATOR 

A second order comperisator is chosen. The number of 
closed loop poles which can be arbitrarily assigned by output 
feedback la related to the order r- of the compensator as 
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q-max{in, 1 } 

r q - max {m,l) (3.1) 

max {m, 1 ) 


In eqn. (3.1) [ ] means the Integer nearest to the quanlty in 

brackets, q is the number o£ closed loop poles that can be 


arbitrarily placed, m is 

the 

number 

of 

inputs to 

the 

system 

without feedback and 1 is 

the 

number 

of 

output of 

the 

system 


without feedback. 

In the case of the system considered here m = 1, 1 = 1 
or 2 depending on whether a single input or a two input auxiliary 
controller is used. With r = 2 and 1 = 1 we get q = 3 implying 
that a total number of three closed loop poles can be arbitrarily 
assigned . 



The performance of the auxiliary controller with 
different signals as the operating point changes la evaluated by 
considering the location of system closed loop eigenvalues. The 
mere location of all the closed loop eigenvalues in left half of 
s-plane does not guarantee satisfactory damping of the system. 
The nearness of real part of eigenvalues to imaginary axis 
indicate low damping and for a given real part, large imaginary 
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part also Indicates low damping. Based on this fact a sector in 
s-plane which restricts the location closed loop eigenvalues la 
defined as shown in Fig. 3.1. This ensures a minimum damping 
ratio of 0 . 068 . 

3. 4 CHOICE OF CLO SED LOOP EI6EMVALUES 

The following general guidelines are followed in 
choosing the location of assigned poles : 


1. The unasalgned poles should be well within the sector. 

2. The gains of stabllzlng function should not be too high. 

3. The robustness regions obtained baaed on sector criterion 
should be satisfactory. 

3. S STATE EQUATIONS OF THE SYSTEM WITH AUXILIARY CONTROLLER 


A block diagram of the system with SVS controllers is 
shown in Fig. 2.8. 


The state equations of system without auxiliary 
controller is given by eqn. (III). Eqn . (Ill) can be modified as 
below to Include the input u^ from the auxiliary controller 


X = A X + b u 
_ _ — c c 


(IV) 


where 


[E 


qA 




'FDA 




b 


c 


[ 0 0 0 


0 b^ 


and matrix A is same as in eqn. (III). 



4J11 . 75 



fig. 3.1 


SECTOR INDICATING PERMISSIBLE 
eigenvalues. 


location of closed loop 
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3. 6 EXPRES:SIOMS FOR SIGNALS USED 

Line power at SVS bus, SVS bus frequency, Computed 
Internal Frequency and a combination of line power and SVS bua 
frequency are the input algnala uaed with auxiliary controller . 
The expreaalonv^ for theae algnala in terma of atate variablea are 
given below. 

^ for Line Power ab SVS Bus 

Referring to Fig. 2.2 the line power at SVS bua can be 

written aa 


P 

m 



V 1 

mq q 


(3.3) 


Uniting the above equation for amall perturbat Iona around 

operating condition and aimpllfylng we get, 


mA 


“l * “2 *A * "3 ®A 


( 3 . 4 ) 


Derivations of expressions for < 0 ^ and are given in 

Appendix 4. 


Eqn . (3.4) in terms of state variables is 


y . = C . X 

’^cl cl 


(3.5) 


where 


V = P 

cl mA 


t®,A “A '"a ®FDA ®aJ 


‘'el ' t“l 




-3] 


0 


0 
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3. 6* 3 Expresssion tar SVS Bus Fr<equericy 


The expreasion for SVS bua voltage angle la 


S = tan 
m 


^ mq J 


C3.6) 


SVS bus frequency can be written as 


^ = — <5 

m atm 


C3-7) 


Substituting eqn . (3.6) in eqn. (3.7) we get 


d ^ -1 

<0 = -r— tan 

ra dt 


t mq 


(3.8) 


Writing eqn. (3.8) for small perturbations around operating point 
and simplifying we get 


V = C_x + d.u 
^c2 c2 - c2 c 


(3.9) 


where y^2 = %A 


“a *A ® 


B, ] 


FDA A 


u is input from auxiliary controller, and d ^2 output 


c 


matrices 


Derivations of the expressions for C and d^2 


given in Appendix 4. 
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3. 6 . 3 Expression for Computed Internal Fr equency 

Computed Internal Frequency 1st the synthesized 
frequency of generator internal voltage from locally available bus 
voltage, t ranstnl sa ion line current and the total Inductance 
between generator Internal voltage and the local bus, [18]. 

An expression for CIF is derived using the generator 
voltage behind subtransient reactance, line current and SVS bus 
voltage as was done by Varma et al . [18]. 

The generator terminal voltage in terms of voltage 
behind subtransient reactance la, [22], 


V 


td 


I X 

q 


+ E” 
d 


(3.10) 


where 



I . x” + 
d 


E” 

q 


X 


q 


(3.11) 


The generator terminal voltage in terms of SVS bus voltage and 
line current is 


V 


td 


= V 


md 


RI , + XI 
d q 


(3.12) 


V 


tq 


V 

mq 


+ RI - XI 

q 


C3.13) 


From eqna. (3.10), (3.11), (3.12) and (3.13) we get 

E" = V . + RI, + (X + x”) I 
'^d md d '■ q 


(3.14) 
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F ** 


V 

mc| 


(X + X*') I , + RI 
d q 


The 


intern a ], 


voltage an/:^le S Is 

c 


s 

c 


t an 



Computed Itrternal frequency is 




c 


dt 


S 

a 


(3. IS) 


(3.16) 


(3.17) 


Substituting eqn. (3.16) in eqn. (3.17) we get 


c 


d 

dt 


t an 


-1 



(3 . 18 ) 


Eqna. (3.14), (3.15) and (3.18) can be simplified and written for 
small perturbations around operating point in terms of state 
variables as 


y 


c3 


C . X 
c3 — 


+ d u 
c3 c 


(3.19) 


where 


i = '"^qA "A -"a ^FDA ^aJ’' 

la the input from auxiliary controller and are output 

matrlcea . 


Derlvatlona of expreaslona for and are given in 


Appendix 4 . 
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Eqn . (IV) along with eqna . (3.5), (3.9) and (3.19) are 

t;hG nyatam equations with different signals. These equations are 
summarized below. 

System equations with line power signal 

X = A X + b u 
— — — c c 

^ = 1 = 


System equationci with SVS bua frequency elgnal 


A X + b u 
— —c c 


c2 


“02 V 


(IV. b) 


System equations with CIF signal 


X 


A X + b u 
— — c c 


c3 


C _ X + d u 
c3 — c3 c 


(IV. c) 


System equations with line power and SVS bus frequency 


A X + b u 
— — c c 


y = C X 

^cl cl - 


V -- C«x + d_u 

^c2 c2 - c2 c 


(IV. d) 
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^ PLACRMRNT ALGORITH M 

The algorithm o£ partial pole placement technique £or 
dynamic output feedback la uaed to stabilize the syatema 
repreaented by eqna . (IV. a), (IV. b), (IV. c) and (IV. d) with the 
stabilizer o£ the £orm given by eqn. (3.2). The algorithm ia 

given in Appendix 6. 

In the caae o£ line power signal, the algorithm given 
by Munro and Hirbod ia directly applied whereas in the caae o£ SVS 
bus frequency and CIF signals, the syatema to be atabllzed have a 
feed forward term due to the coefficients d and d ^ not being 
zero and the algorithm of Munro and Hirbod is not directly 
applicable. It has to be modified. In the modified method only 
two poles are shifted to preapecifled location and one of the 
stabilizer parameters, t^ in this case, is also assigned a value. 
The unassigned poles and the remaining controller parameters are 
obtained in a way similar to that in the original algorithm. The 
procedure ia repeated for different values of t^ till a 
satisfactory solution in terms of unaasigned poles la obtained. 

3. 8 STATE EQUATIONS OF THE AUXILIARY CONTROLLER 

A block diagram of the auxiliary controller la shown in 

Fig. 3.2. 

Ue can derive the following state and output equations 


for the controller 
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FIG. 3.2 BLOCK DIAGRAM OF SVS AUXILIARY CONTROLLER. 




39 




*0 
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0 







.f 




-“S2 

“®1 


- ^s2 - 


t 

L 0 J 


u 

a 


y 


n 



X 


si 


X 


s2 


^ t u 

O 3 


(3-20) 


(3.21) 


Derivation of tine e^qna. (3.20) and (3.21) ia given in Appendix 7. 
Eqna . (3.20) and (3.21) are written as 


X -"Ax ^ b u 
—a a —3 •— s a 


y * ‘ C X 4- d u 

3 a —a a b 


(V) 


3. Cl CLOSED LOOP SYSTEM WITH SVS AUXILIARY CONTROLLER 


The closed loop system with SVS auxiliary controller 
for line power, SVS bus frequency, CIF, combination of line power 
and SVS bus frequency is obtained by combining eqns . (IV. a), 
(IV.b), (IV.c) and (IV.d) respectively with eqn. (V) . The general 
form of tlie resulting equations is 


X 


A ^ X ^ 
f — f 


where 


X 


[E\ 

qA A 


'FDA 


X, 


X 


si 




Thft closed loop eigenvalues are determined at different operating 
points for each of the signals for both weak and strong systems 
and based on the sector criterion the regions of robustness are 
found out. Results are presented in Chapter 4. 


4 PERFORMANCE OF SVS V/ITH VARIOUS INPUT SIGNALS 


4. 1 GENERAL 


In Chapter 2 it is pointed out that SVS with only 
voltage regulator ia not effective in damping the 
electromechanical oscillations of rotor. An auxiliary controller 
for SVS Is designed baaed on the design methodology presented in 
tlie previous chapter. 

Line power, SVS bus frequency, CIF and a combination of 
line power and SVS bus frequency are the input signals to the 
auxiliary controller. The controller is designed at full load, 

unity power factor condition for each of the signals for both weak 
aijd strong systeeis. In the weak system the generator la coimected 
to the infinite bus by a single double circuit line with total 
transmission system inductive reactance being 0.652 p.u. on a 500 
kV, 5000 MVA base (x = 0.652). In the strong system, the 

generator la connected to the infinite bus by two double circuit 
lines with total transmission system inductive reactance being 
0.426 p.u. (x = 0.426) on the base chosen. The regions of 

robustness are found out for all the signals based on sector 
criterion. The moat efficacious signal ia found out for both weak 
and strong systems. The numerical results are presented below. 

4. 2 PERF ORMANCE WITH ONLY SVS VOLTAGE REGULATOR 

Table 4.1 shows the open loop eigenvalues for different 


system strengths. 



Table 4. 1 Open loop eigenvalues for weak and strong systems 


Ueak ayatem (x = 0.652) 


Open loop elgenvaluea 


- 94.3991147513 

- 10 . 0928686946 

2.0681638738 +J 
2.0681638738 -J 


Strong ayatero (x = 0.426) 


Open loop eigenva... jea 


- 95.1789471385 

- 7.5137038583 
1.1335578458 +J 
1.1335578458 -J 


. 6614207512 
. 6614207512 


1.1740741624 

1.1740741624 
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Table d. 2: Eigenvalues with only SVS voltage regulat-or for- 
arici strong systems. 

Ueak ayotfun (x = 0.652) 


Elgenvaruefjt with only SVS voltage regulator 


-134 .395228 

.333149 +jl0. 614631 

.333149 -jlO. 614631 

- 2.543204 

-102.319143 


Strong fsyatem (x = 0.426) 


Eigenvalues with only SVS voltage regulator 


- 96.967804 

- 96.967804 

.378807 

.378807 

- 2.358224 


+jl2. 967576 
-jl2 . 967576 
+J11 . 668060 
- Jll . 668060 


weak 
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The opf-ii loop eigenvalues clearly indicate that the 

folot mode is unsLable. Therefore SVS with voltage regulator is 

j/c.Mis i d cr rd 1.0 rt t all i 1 1 a e tlie system. The gain and time constants 

of the r t‘gu 1 A lot- are chosen to be K = 20.0 and t = 0.05 aec. 

s a 

System eigenvalues with only SVS voltage regulator are 
given In T ah], e '1.2. 

It is evident from the eigenvalues with SVS voltage 
regulator that the system has become stable but the rotor 
osciliations ate poorly damped as indicated by the real part of 
the corre.upond ing eigenvalues being close to imaginary axis. 

4.. 3 PERFORMANCE WIT H AU XI LIARY CONTROLLER 

Auxiliary controller is designed with its poles at 
-15.0 atid -10.0. Higher values such as -20.0 and -25.0 are also 
tried hut tlrere 1 m no specific advantage with these values. Out 

of the five eigenvalues obt allied with only SVS voltage regulator-, 
tiiree can be shifted to prespecified locations in case of power- 
signal whereas only two can be shifted in the case of other- 
signals. The real parts of the complex conjugate pair, which 
represent the dominant mode of electromechanical oscillations are 
shifted to ~1 --5 and the Imaginary parts are not changed from their 
original values for all the signals considered. The locations of 
the closed loop eigenvalues are selected by a trial-and- error 
pcoceaa based on the guidelines given in Section 4. 
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Table 4. 3 Numerical results with line power signal for a wea k: 
system. 


Input aJgnal to SVS auxiliary controller : line power 


vSyat em 

« trengli> 

: X = 0.652 


p o 1 n t 

: P = 1.0, Q = 0.0 


Eigenvaluea with only SVS voltage regulator 


-134.395228 

.333149 +J10. 614631 

.333149 -JlO-614631 

- 2.543204 

-102.319143 


Aaaigned poles 


-1 . 5+/-J10.6099 
-2 . 54 


Auxiliary controller transfer function 


-0. 011279962111750E-02 s^ - 4 . 2 2 3 2 1 509086 7 4 82 E-03 a + 

3. 351048586477511E-05 

PCs) 

1.0 + 7.95800E-02 a + 1.5200E-03 


Closed loop elgenvaluea 


-110. 606177327 

- 85.413133954 

- 1.499983375 

- 1.499983375 

- 2.540018364 

- 18.025281489 

- 11.515659283 

Range of robustness on 


+J10. 609957747 
- JIO . 609957747 


1.0 p.u. HVA aemicircle 


(.83, 

(. 95 , 


0.557763) 

to 

-0.312250) 
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Table 4, 4 Nume ric al results vfith line p ower signal for a 
system. 

Input «Jgnal to SVS auxiliary controller : line power 

Syatem atrength : x = 0.426 

Dealgn point : P = 1.0, Q = 0.0 

Eigenvaluea with only SVS voltage regulator 


- 96.967804 

- 96.967804 

.378807 
.378807 
-- 2.358224 


+jl2. 967576 
- jl2 . 967576 
+J11. 668060 
-jll . 668060 


Aaaigned polea 


“1 . 5+/- Jll . 6599 
-2 . 36 


Auxiliary controller transfer function 


-■4 . 13737()4E“02 - 3 . 4 7 7 782 1 4E-03 a + 

4 . 48967783-06 

FCa) = 

1.0 > 7.95S00E~02 a + 1.5200E-03 


Closed loop eigenvalues 


93 .094772399 
91 . 201964451 
1 . 500000000 
1 . 500000000 
11.858929405 
11.858929405 
2 . 360000000 


+ jll .659996740 
- jll . 659996740 
+J 5.045153975 
-J 5.045153975 


Range of robustness o n 1.0 p.u. MVA aetmicircle 

(.79, 0.613107) 

to 

(.89, -0.455961) 


strong 






limn in Socs 


Time In Sees 



fig. 4.2 INITIAL CONDITION RESPONSE WITH POWER SIGNAL 




T sii kj ,1. m Nunverlca l reault^s vf lt,h SVS bus frequartcy aigrial for a 
weak syBlem^ — — — __ 
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Input signal to SVS auxiliary controller : SVS bus frequency 
System strength : x = 0.652 

Design point : P = 1.0, Q = 0.0 


Eigenvalues with only SVS voltage regulator 


-134 . 395228 

.333149 +jl0. 614631 

.333149 -JIO. 614631 
- 2.543204 

--102 .318143 

Assigned poles 

-1 . 5+/- jlO. 61 

Auxiliary controller transfer function 


9.99999E-03 a^ + .295206901753591 s + 

1 . 154687328547005E-02 

FCa) — 

1.0 s^ + 7.95a00E-02 a + 1.52000E-03 


Closed loop eigenvalues 


-111 . 256793402 
-111.256793402 

- 1.500000000 

- 1.500000000 

- 5.402499130 

- 5.402499130 

- 13.851970867 


Range of robustness on 

(.84, 0.542586) 

to 

(.91, -0.414608) 


+J14. 595213741 
-J14. 595213741 
-jlO. 609982506 
+ JIO. 609982506 
+J 0.635023991 
-J 0.635023991 


1.0 p.u. MVA semicircle 
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Tabl^ 4*0 Munfk-^r leal regsu ltss with SVS bus frequency signal i ^ 
Q i r* o r»g r ya £ e m , 

Input fjigiial to SVS auxiliary controller : SVS bua frequency 
Syateoi atrength : x = 0,426 

D e a i gn p o i ri t: : P = 1.0, Q = 0.0 


Eigenvalues with only SVS voltage regulator 


- 96.967804 

+ J12 . 967576 

96.967804 

- J12 . 967576 

.378807 

+J11 . 668060 

.378807 

- jll . 668060 

■ 2.358224 



Aaa igned pol ea 


1 .54/-. jll. 668058 

Auxiliary controller transfer function 

9.99999E-03 + . 2790635468 a + 

1 . 2278098949E-02 

FCa) 

1.0 a^ + 7.95S00E-02 a + 1.5200E-03 


Cloflftd loop eleenvaluea 


94 . 143056214 
94.143056214 
1.500000000 
1 . 500000000 
4 . 934437865 
4 . 934437865 
14 . 583818663 


+ jl6 . 044848156 
- J16 . 044848156 
+jll .599977837 
- J 1 1 .599977837 
+j 1.013555045 
-j 1.013555045 


Range of robtiatn eaa on 


(.79, 0.613107) 

to 

(.85, -0.526783) 


1.0 p . u . 


MVA aemlclrcle 
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Tahir- 4.7 Nuitif-rical rrjRults with CIF signal for a weak system . 


Input: to SVS auiriliary controller : CIF 

S y fi t ftin rt 1 1 eng I. li : x = 0.652 

Den Ign point. : P = 1.0, Q = 0.0 


r-;l genval uen with only SVS voltage regulator 


- 1 .14 . .195228 

.3331 49 t JIO. 614631 
.333149 --J10. 614631 

- 2.543204 
-102 . 318143 


Annlgtied polen 

-1 . 5 ♦ / - jlO .61 

Auxiliary controller transfer function 

9.99999E*03 + .77365403568 s + 

1 . 192203049E-02 



1.0 t 7.95800E-02 a + 1.52000E-03 


Cloned loop eigenvalues 


- 96.021990008 + j35 . 756830555 

- 96.021998008 - J35 . 756830555 

- 1.500000000 -jlO-609983430 

- 1 500000000 +J10. 609983430 

- 8.320863786 +J 6.136329435 

8.320863786 -J 6.136329435 

- 4.600594921 


Range of robustness on 1.0 p-U- sem icircle 

(.85, 0.526783) 

to 

(.98, -0.198997) 
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Tahlo 4.tt Nunv>i leal results with CIF signal for a strong system. 


Input iilgnal to SVS auxiliary controller : CIF 
.llyutem atreriftth : x = 0.426 

Dealfln poit»t : P = 1.0, Q = 0.0 

Llftenvaluftrt with only SVS voltage regulator 


96 . 967804 
96 . 967004 
. 378807 
. 370807 
2 . 3.00224 


+J12. 967576 
- J12 . 967576 
+J11. 668060 
- jll . 668060 


Ahh i gn ftd po 1 ea 


-1 . 5 t / -■ J1 1, .668050 

Auxiliary controller tran.afer function 

9.99999E-03 + .7066347477 a + 

2 . 05056900S048E-02 

F(h) - — 

1.0 -i 7.95800B-02 a + 1.5200E-03 


Cloaed loop elgenvaluea 


- 85.382266436 

- 85.382266436 

- 1.500000000 

- 1.500000000 

- 5.603801064 

- 8.000964012 

- 8.000964012 


Range of robuatneaa 


+J24. 702898341 
-324.702898341 
+J11 .599977057 
-Jll .599977057 

+J 3.501394973 
-j 3.501394973 


1 - 0 p.u. HVA aemicircle 


(.79, 

(. 96 , 


0.613107) 

to 

-0.280000) 
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I'Mlrl <Br 4. (J A combl naiion of llna powar 

■'^''’ Ixis f t ^qu<>r«cy nlgnalcs for a vfoak systom. 

Input fllgnal t;o SVS auxiliary controller : Line power and SVS bus 

frequency 

System strenfttJi : x = 0.6S2 

Dee Ipn point : P == 1 . 0 , Q = 0 . 0 


illgenvalues with only SVS voltage regulator 

-134 . 395228 

.333149 +jlO. 614631 
.333149 -JIO. 614631 
“ 2.543204 

-102 .318143 

Assigned poles 

-1 .5+/- jl0.61 
-10 2.3 


Auxiliary controller transfer functions 


9.99999E-03 s^ - 3 . 719346695E-03 a + 

8. 230537567E~05 

F^(s)= — 

1.0 s^ + 7.95800E-02 s + 1.52000E-03 

-9.99999E-03 s^ - 4 . 4 7 606 7 7 025E-02 a + 

-1 . 171968S2E-03 

F^Ca)* 

1.0 s^ + 7.95800E-02 a + 1.52000E-03 


Closed loop eigenvalues 

-146 . 4200 
-102 . 3000 

- 8.4465 +J 8.6503 

- 8.4465 -J 8.6503 

- 1.5000 +J10.610Q 

- 1.5000 -JIO. 6100 

- 2.5400 

Range of robuatneaa on 1.0 p.u. MVA semicircle 

(.04, 0.542586) 

to 

(.95, -0.312250) 
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Table- 4.10 Nun^erlca l r&sulis wlbh a combination of line power- and 
SiVfi; bi!<a frequency signal for a strong sysbem. 


Input; ftignal to SVS auxiliary controller : line power and SVS bua 

frequency 

Syat. em utiengtli : x = 0.4 26 

Denign point : P = 1.0, Q - 0.0 


Elgenvaluea with only SVS voltage regulator 


- 96.967804 

- 96.967804 

.378807 

..378807 

- 2.358224 


+J12-967576 
- J12 . 967576 
+jll . 668060 
-Jll. 668060 


Aaolgned poles 


-1 . .5 + /- 111 . 66 
“100 
“2.36 


Auxiliary controller transfer functions 


9.99999E--03 s^ - 4 . 3363497E-03 a + 

2 . 44459756E“04 

FjCa)= — 

1.0 + 7.95800E-02 a + 1.5200E-03 

-9.99999E-03 - 5.7813503558 a - 

4 . 64747332265E-03 
— 

1.0 + 7.95800E-02 a + 1-5200E-03 


Closed loop eigenvalues 


-115.1600 

- 99.9710 

- 8.4239 +J 8.5781 

- 8.4239 ~J 8.5781 

- 1,5000 +J11.6600 

1.5000 “Jll. 6600 

- 2.3600 

Range of robuatne.aa on 1.0 P-U. MVA aemicircl^ 

(.79, 0.613107) 

to 

(.91, “0.414608) 
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Tal.lfM /i.3 and 4.4 allow the eleenvaluea with only SVS 
voltage r egti 1 al:or , aoalgned eigenvaluea, auxiliary controller 
tianafet lunctlon and cloaed loop eigenvaluea for weak and atrong 
oyat. ema i eapecl; i vely for line power aignal. Fig. 4.1 ahowa the 
1 eg I ona of tobuatneaa for these two cases. The performance of the 
auKiliaty controller is tested in the time domain by initial 
condition reaponae at various teat points in P-Q plane. Initial 
condition response for angular position of rotor ia ahown in Fig. 
4.2. 

Table.a 4.5 and 4.6 show the eigenvaluea with only SVS 
voltage regulator, assigned poles, auxiliary controller transfer 
function and closed loop eigenvaluea for SVS bus frequency signal 
for weak and strong ayatema respectively. Fig. 4.3 ahowa the 
regions of robustness for these two casea. Initial condition 
response plots for angular position of rotor are shown in Fig. 4.4 

Table 4.7 and 4.8 show the eigenvaluea with only SVS 
voltage regulator, aaalgned poles, auxiliary controller transfer 
function and closed loop eigenvalues for CIF signal for weak and 
atrong ayatema respectively. Fig. 4.5 ahowa the regions of 
robustness for these two casea. Initial condition response plots 
for angular position of rotor are ahown In Fig. 4.6. 

Table 4,9 and 4.10 show the eigenvaluea with only SVS 
voltage regulator, assigned poles, auxiliary controller transfer 
function and closed loop eigenvalues for a combination of line 
power and SVS bus frequency signals for weak and strong systems 
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r f» H p 0 c t i V f* 1 y . Fig. 4.7 shovj's the regions of robustness for these 

t, wo oas eo . 

Tine |>]ots of robustness regions indicate that the 
region c>t>t:ained for a strong system is largerthan that for a weak 
«yst€*fn £oi all tine signals used. Initial condition response plots 
indicate a satisfactory performance of the controllers in time 

domal n . 


Flg«. 4.8 and 4.9 show the regions of robustness for 
different algnala for weak and strong a.ystema respectively. It is 
evident from these two figures that region of robustness obtained 
with SVS bus frequency signal is larger than the regions with 
otlier rtigaals. This is true for both weak and strong systems. 
Therefore SVS bus frequency signal is the moat efficacious signal 
from robustness considerations for both weak and strong systems. 





1 . 5VS Bus Power 



Rea! Power in p-u 





icj.4.9F\egion5 of Robustness for Strong System (x=0,42a) 







5. CONCLUSIONS 


III thJrt theala the performance of SVS with an auxiliary 
controller Ir, linprovlne the dynamic atabllity of power ayatem ia 

atudled and the moat efficacious input signal to the controller is 

d e t efiti J n cm I . 

A new niodel for the power syatem is proposed. It Is 
baaed on the Hef fron-Phl lips itiodel and takes into account the SVS 
at tlie fiildpoint o£ the transfnisslon line. The proposed model is 
valid for small perturbat ions around operating point. 

An auxiliary controller is designed for SVS based on 
partial pole placement technique for dynamic output feedback. 
Line power, SVS bus frequency, Computed Internal Frequency and a 
combination of line power and SVS bus frequency are the input 
signals considered for auxiliary controller. A modified method 
baaed on the partial pole placement algorithm of Munro and Hirbod 
[33] ia developed to design a controller for a system having a 
feedforward term in its state equation. 

The effectiveness of the various signals is compared by 
plotting the regions of robustness with the signals for both weak 
and strong ay^jtems. It is clearly evident from the plots that the 
auxiliary controller with SVS bus frequency as the input signal 
gives the largest region of robustness in P—Q plane for both weak 
and strong systems « Thus SVS bus f requency is the most 
efficacious signal from robustness considerations in the Improving 
the dynamic stability of power system. 
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FURT HER WORK 

In thiv <3 theola the performance of SVS in improving 
dynamic ntability of power system is studied by considering a 
single roach 1 ne- in f ini t e bus system. The actual power system is a 
multiroachlne system containing a number of machines and 
1 n t er conn er t. 1 ons . The design of auxiliary controller for SVS and 
the study of performance of various signals in a multimachine 
system Is an area for further work. 
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APPENDIX - 1 

POWER SYSTEM DATA AND LOAD FLOW RESULTS 


The power aystem data considered are given below, 
generator and network conatanta considered are same as given 
[16] except for minor modi f icationa , All values are in p.u. 


GENERATOR PARAMETERS 


X , 

d 

1 . 7 

'^do 

II 

X = 

q 

1.64 

H 

I! 

"d = 

0 .345 

o 

= 314.14 

x» = 

0 .235 



tl 

0.235 



TRANSFORMER 

PARAMETERS 




^ 0 . 1 




TRANSMISSION LINE C500 kV, 100 kM, line Const, per Circuit! 


^'line 

0.0135 

^line 

0.452 

B, , 
line 

0.01147 X 2 


AVR CONSTANTS 


K» " 1.00.0 

A 


The 

in 


0.01 a 
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SVS VOLTAGE REGULATOR CONSTANT 

K = 20.0 

s 

T = 0.05 s 

LOAD FLOW RES AiLTS : 

Load £low reaulta refer to the aiinplifled model of the 
aystem shown in Fig. 2.2. 

WEAK SYSTEM CX* » O. eSSJ 

p = 1.0, 0 = 0.0 

V = 1.0 

V = 1.0 

ni 

V^. = 0.94.5873 

0 - 0.507798 

m 

STRONG SYSTEM Cx » Q. 4363 

P - 1.0, Q - 0.0 

V = 1.0 

V ' 1.0 (5 = 0.213543 

m 

V = 0.979535 tS. = 0.432727 

t ^ 

0 0.312764 

m 

*x la the total, inductive reactance o£ the transmiaaion ayatem. 


6 = 0.328463 

m 

<5^ = 0.680357 
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APPENDIX - 2 

EXPRESSIONS FOR GENERATOR INCREMENTAL CURRENT 


Expressions for d-q components of generator current for 
small perturbations around operating point are derived here. 

Referring to Fig. 2.2 to d-q components of the 
generator terminal voltage obtained by Park’s transformation of 
network equations can be written as 


td 


■/3 V Bins + R (i -i ) + xCi -i. ) + R 

d Id"^ ^ q Iq-^ 


i + Xi 
d q 


(A2.1) 


tq 


VI V cos<5 + R (iq-ijq) - + Ri^ - Xi^ CA2.2) 


The expressions for SVS currents art 


bd ' (''tq - ® 

bq = -(''td - ''b - ® 

Simplifying eqna . (A2.1), (A2.2). (A2.3) and CA2.4) we get 

v^^^Cl-BX) = - t/ 3 V ain6 -f i^C2R-2RBX) -)■ i^(BR^-BX^ + 2X) - v^^ BR 

CA2 .5) 

v^^^(l-BXl - 73 V cofl<5 4 1^(BX^-BR^-2X) + i^C2R-2BRX) + v^^ BR 


CA2 .6) 



From machiiift equations [22], we get. 


73 


V 


t d 


X J. 

q q 


V 


tq 


e 

q 


X 


i 


d 


Eliminating and £rom 

(A2.8), we get 

[-x^Cl-BX) - (BR^-BX^+2X) ] 

= - V sin6 - 

[-(2R-2RBX) ♦ x^^ BR] ^ [x^ 

= V cosS ~ (1 


(A2.7) 

(A2 .8) 

eqns. (A2.5), (A2.6), (A2.7) and 

- [C2R-2RBX) - (x^ BR)] 

E' BR (A2.9) 

(1-BX) - (BX^-BR^-2X) ] Ij 
~ BX) CA2.10) 


Eqns. CA2.9) and (A2.1.0) are written for email perturbation around 
o p e r a 1 1 n g point a a 

[-x^(l-BX) - CBR^-BX^+2X) ] I + [-C2R-2RBX) + x^BR] I 

- [-BR] + [-V cos6] <5^ - [ (x^ X I^) - (R^ - X^) 1^ 

+ 2RXI , + x'.RI . + E'R] B 
d d d q A 


(A2 .11) 
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[-(2R 


Eqna . 


where 


[C] 


[D] = 


Eqii . 


2RBX) • k^jBRJ + [jc^ (1 - BX) - (BX^ -BR^ - 2X) ] 

= [-(l-BX)] E', + [-V sinSJ - [2R XI + x R I ] 

■'qA'- •'A'- q q q 


K x\Xl + (X^-R^) - XE‘] B, 

cl d d q-" A 


CA2 . 12) 


(A2.11) and (A2.12) are written aa 


[C] 


dA 


■qA 


[D] 


E 


qA 


B. 


CA2 .13) 


C2R-2RBX) + x^BR 


-X (1-BX) - CBR^-BX^+2X) 


x'.Cl-BX) - (BX^-BR^-2X) -C2R-2BRX) + x BR 

ci 


BR - V cos<5 -[(X XI ) - (R^-X^)I + 2RXI^ 

tI HI H. 




(l-BX) -V alni -[2RXI * *qRIq " ’'d^'d 


-CX^-rS I, - 


(A 2 . 13 ) la written aa 


' <iA 


' qA 


[G] 


'qA 


B, 


CA2 . 14) 
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wh er e 


[G] - [C] ^ [D] 

Eqn. (A2.14) can be written aa 


1 

0 . 

> 

} 


Q 

^2 

^13 ■ 

j 

< 

cr 

1— i 

1 

11 

1 

Q 

*^22 

^ 23 . 



CA2 .15) 
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APPENDIX - 3 

EXPRESSIONS FOR K-COEFFICIENTS 


Expressions for coefficients , K 2 , , K 

Kj , Kg and are derived on the lines of Hef f ron-Philips model. 


E* Equation 

C| 


voltage 


The d axis stator emf E 
and the E' are related as 

' q 


corresponding 

r U 

[ 22 ] , 


to 


the 


field 


'FD 


(1 


^ '^do 






(A3 - 1 ) 


Eqn. (A3.1) is written for small perturbations around operating 
point as 


^ (1 ■* 'T ' . s) E' - (x. - x') I 

FDA ^ doA qA ^ d d*^ dA 


CA3.2) 


Substituting for from eqn. (A2.15), we get 


^FDA = "qA ^ "do " "qA " ^^d ' ‘^A 


'•^d ^d^^l3 ®A 


(A3 .3) 


Eqn. (A3. 3) is written as 


’FDA 


1 

K' 


•f T ; a 
do 


E' “H 
qo 


4 A 


" ^8 ®A 


(A3 .4) 


wher e 
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_ — 


1 ■ (X . - X') G 


d'' "'ll 


~ '^12 


- <"d - "d> S.3 


Eqn . (A3. 4) is written as 


^3 1 

p - 

r 1 


r 1 

T ' 3 

^ 3 d o 

FDA 

L -^do " j 

^A 

"do " J 


CA3.5) 


Torque Equation 


The expression for generator electrical torque is 

T = 3 rv . I , + V I ] CA3 . 6 ) 

e '■ddqq 

Substituting for v. and v from eqn. (A2.7) and (A2.8) and writing 

^ q 

the equation for small perturbations around operating point we get 


T ^ = I E' + E I - (x - x;) I 

eA qo qA qao qA q d 


where 


(A3. 7) 


E = E' - (X - x',) 1 , 

qao qo q d do 


Subotitutine for 1 . and I , from eqn. (A2.15) we get. 


qA 


dA 


3rE - (x - x') I 

eA ^ qao 22 q d qo 12 A 


+ 3(1 •+ E ^7 1 ~ ^ ^aA 

qo qao 21 q a qo xx qx+ 


’ <"23 - ■ ’'d> 'qo ®A 


(A3. 8) 
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Eqn . (A3. 8) ia written as 


■".A = '^1 + K, 


wh ere 


^1 

= 3[ E 

qao 

S2 - 

^^q ■ ^d^ 

I G, -] 

qo 12 •’ 


= 3[ I + 

qo 

E 

. qao 

^21 ■ <:^q 

- x'.) I 
d'^ qo 


= 3[ E 

qao 

^23 


qo 13-' 


Terminal Voltage Equation 


The generator terminal voltage in terms o£ 
components is given as 

7 7 7 

v: - V , 

t d q 

Eqn. (A3. 10) is written for small perturbat ions around 

point aa 


tA 


f ^do ^ 

I 


^dA ^ 


L J 


V 


qA 


From eqna . (A2.7), (A2.8) and (A3. 11) we get 


^ V 


tA 


do 




X I A + I 
q qA ^ 


r V X 

qo ' 


V 


to 


(X' I + E' . ) 
^ d dA qA 


Substituting for 1^^ and from eqn. (A2.15) we get 


V ■■ A + K , E' . + K„ B 

tA 5 A 6 qA 9 A 


(A3. 9) 


its d-q 

(A3 . 10) 
operating 

(A3. 11) 

(A3. 12) 


(A3, 13) 
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wh or e 
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APPENDIX - 4 

DERIVATIONS OF THE EXPRESSIONS FOR SIGNALS USED 

Expression for- Midpoint Voltage Signal 


Tliie d~q components of the mid 

point voltage of 

treansmission 

line are 



V.. - Ri, ~ Xi 
td d q 

CA4 . 1) 

V = 

mq 

tq q d 

(A4 . 2) 

Eqns . ( A4 . 1 ) 

and (A 4. 2) are written for small 

perturbations around 

operating point as 


^mdA 

v... “ Ri.* - Xi * 
t dA dA qA 

(A4 .3) 

^mqA 

v-Ri.-Xi 
t qA qA dA 

(A4. 4) 

From eqt^a . (A 2. 7) and (A2.S), 


'^td 

X i 

q q 

CA4 . 5) 


e ' -H X ' i , 
q d d 

(A4 .6) 

Ur i tine eqna 

. (A4.5) and (A4.6) for small 

perturbations around 

Ope r a 1 1 n g c o d 1 1 1 on we g e t 


'^tdA 

- X i , 

q qA 

(A4.7) 

V 

tt|A 

» • ' . * ^ ^ 1 A 

f|A d uA 

CA4. 8) 
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-JinplJ. fying eqnfj . (A/1.3), (A4.4), (A4.7) and CA4.8) we get 


mdA 


c- X - X) 1 - Rf ^ 

q qA dA 


mqA 




Substituting CA4.9) and (A4.10) are written 


as 


' V ” 

jr 

mdA 


V 


mqA 



-R 


Xt-x' 
d 


-X -X 

q 



^dA 

+ 

0 


I . 


1 

J 

qA 




'qA 


Substituting for and from eqn. CA2.15) we get 


indA 


mqA 


{ 


[F] [G] + [II] 


} 


E'> 

qA 


B, 


where 


[F] 


-X -X 

q 


X + X ' - R 

d 


[H] 


0 0 0 


10 0 


The mid point: voltage equation for small perturbations 


(A4 . 9) 
(A4 .10) 

(A4 . 11) 


(A4 .12) 


around 


o p e r a t lug j> o 1 n t i a 
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V . V 
mao mqo 



V 


indA 


V 


mqA 


Simplifying eqna . (A4.12) and (A4.13) we get 




E'a 

qA 


B, 


where 


[T] 


V 


mdo 


mqo 


V V 

mo vnn 


mo 


Eqn. (A 4. 14) la written aa 

''«A = [ '*1 ''a S ] 



Expressiori for Line Power 

Line power La written as 

P ™- V . i V i 

m Old d 01 q q 

Eqn. (,AA.16) let written for small perturbations around 
point art 


(A4 .13) 

(A4 .14) 


(A4.15) 

CA4 . 16) 

operating 


P nv I •l"lv HhV* i "tiv, 

mA md dA d mdA mq qA q mqA 


CA4 . 17) 
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Substitutinfi for i and 1 from eqn. (A2.15) and for v ,, and 

dA qA V ^ 

^tnqA eqn. (A4.12) we get. 


* "=2! t“j} } 


E'a 

qA 


B, 


CA4 . 18) 


wh ere 


[G,] = I 3V , 3V ] 

^ 1 ■' ’■ flid tnq 


(G^] = [ 31^ 


3 I ] 

q 


Eqn. (A 4. 18) la written as, 


luA 


(jy ^ 


1 

L 1 

2 

3 J 


"qA 


S ^ 


L ®A 


CA4.19) 


Expression for SVS Bos Frequency 


SVS bus voltage angle la 


V 


in 


tan 


md 


inq J 


(A4 . 20) 


SVS bu a £ r e<| u en c y i a 

d 


Ly 


m 


-™ o 

d t m 


CA4.21) 


From eqns . (A4.20) and (A4,21) we get 


d . -I 
(A -rr tan 

in d t 


r 

I ^ruq j 


(A4 .22) 
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Eqn. (A^.22) is written for small perturbations around 
point aa 


Oi 


mA 


V 

mqo 

"'^mdo 


1 

^mdA 

1 V ( ^ 

* ino ‘ 

IVl' 


d 

y 



dt 

raqA 


Let 


[Tj J 


V -V ^ 

mqo mdo 


IV |V 1^* 

' mo ' ' mo ' 


Simplifying eqns . (A4.12) and (A4.23) we get 

“nvV = { t’i) 

Eqn . ( A 4 . 2 4 ) is written as 


[H]j [T 23 


0 0 0 
10 0 
0 0 1 


-mA = 


wher e 


[T^J 


1 0 
0 0 
0 0 


^qA 


. 


FDA 


B, 



» 

B 


operating 


CA4 . 23) 


(A4 .24) 


CA4.25) 


Eqn . ( A4 . 2 S ) Is wr 1 1 1 en as 
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(jd ^ 

mA 

= [T 3 ] 

« 

X 


(A4 . 

where 

[T 3 ] = 

[T^] 

|[F] [G] + [H] j- [T^] 


Eqn. (A4.26) ia written 

B.& f 


<A> 

mA 

= [T 3 ] 


X + b _ u V 

- -3 c J 

CA4 . 

or 







] X + 

^c2 


where 

^02 = 


^ = t^'qA ‘^A ^FDA 



^c 2 = 

[T 3 ] 

[A] 



c 2 

[T 3 ] 

^3 


[A] and b^ 

are atate and output matricea defined in 

Chapter 3. 

Expression 

for Ckimpuled 

I ril er na 1 Fr e q ue ne y 



An expreaaion. for CIF ia derived uaing the generator 
voltage behind aubtranalent reactance, line current and SVS bus 
vol tage . 

The generator terminal voltage in terma of voltage 
beh Ijid tiubtt ana i ent reactance la, [ 22 ] 

- I x” + E” CA4.2S) 

q d 

I , x” + E" 
d q 


V 


t: d 


V 


tq 


CA4.29) 
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The generator terminal voltage in terms of SVS bus voltage and 
line current la. 


V 


td 


V 


tq 


V , + RI ^ + XI 
ffld d q 


V + RI - XI ^ 
tnq q d 


(A4.30) 
CA4 .31) 


From eqns. (A4.2S), CA4.29), CA4.30) and CA4.31) we get 


F" 

d 


E" 

q 


V , + RI . + (X + X") I 
md d ^ q 


V + RI - (X + x") I , 
mq q ' d 


(A4.32) 

CA4.33) 


The Internal voltage angle is 


tan 


F" 


L q j 


CA4 .34) 


Computed internal frequency ia 




CA4 . 35) 


From eqn . QA4.34) and (A4.35) we get 


c 


d 

dl 


tan 


'd 


, E” 

L q 


(A4 .36) 


Eqn. (A4.'J6) i« written for small perturbations around operating 
polt»t: AH 



E 

<:| <> 

-E" 1 

do 


d 

dt 

1 

F” 

dA 

i F-:*’| 

» O ‘ 

1 E”1 

* o* 


d 

E”* 
qA J 



- 


dt 


CA4.37) 
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Let 


[S^3 


E” -E” 

qo do 


1^0 i' 


Eqna . (A4.32) and (A4.33) are written for small perturbations 

around operating point as 


r B” 1 


V 


r I - 1 

dA 


mdA 


dA 


= [S 3 ] 


+ [S 3 ] 


E” 


V 


I , 

J 


mqA 


qA 


CA4 .38) 


wh ere 


ts^] 


1 0 


0 1 




R X+x’ 


-X-x” R 


Simplifying eqna . CA4.3a), CA2-15) and CA4.12) we get 


E " ^ 


~ E \ ^ 

dA 


qA 


II 

^A 

F/* 

c|A 


- ^A - 


(A4 .39) 


wh ft r 


1-^1 


ICS^I |[F] [G] + [H3 j- + [S 3 ] [G]j- 


SlropU lying e.ina . (A4.37) and (A4.39) we get 
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cA 


[Sj] [S^] [S^] 


♦ 



where 


[Sg] = 


1 0 0 0 0 
0 0 10 0 
0 0 0 0 1 


Eqn. (A4.40) Lb written aa 


where 

- [S,] 1S,1 (Sjl 

O f 

w ^ [S.J [A X + b, u^] 

cA 6 — —3c 

E qn . ( A4 . 4 2 ) i a wr i t ten aa 


CA4.40) 


(A4 .41) 


CA4 . 42) 


y,- 


c3 


C X + d . u 
c 3 -- c3 c 


CA4 .43) 


"^A ^FDA 


C,., CAJ 


d ^.., [.‘>^1 i >3 


when* e 
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APPENDIX - 5 

SYSTEM EQUATIONS WITH SVS VOLTAGE REGULATOR 

Thci. state and output equations for the machine and 
excitation system are given in Chapter 2. These equations are. 



= A„x„+b, u„ 

(A5.1) 

1 

1-1 -11 


= C , X „ + d „ u „ 

1-1 11 

(AS .2) 

where 


“ “a '^A ^FDa' 


*^1 

=■ ®A- >'l " ''mA 


The state 

and output equationa 

£or SVS voltage regulator as given 

in C 1 1 a |> t: e r 2 a v e , 


^2 

= ^2 ^2 *^2 

(AS. 3) 

^2 

" C ^ X ^ 

(AS. 4) 

wl'ier e 

^2 

'2 A 



:-.r - V , 


in/v 


I. e 1 u 

r 1^- 

t'‘l '‘21 


y 

U, yj)’ 



t hen 
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! 

il 

1 

o 

1 


r 

T-l 

1 



”1 

o 

l_ 


1 

03 

>> 

1 


Lot 



1 


0 


CA5.5) 


then 


“ = y 


(A5.6) 


Let 


i *2]’' 




Ai 

0 



M 

A 

c 


0 

1 

03 

< 

c = 

c 

0 

n 

Cs> 

1 




0 

1 

■ ‘'l 

0 

B 

c 


0 

^2 

D = 
c 

0 

0 


Eqiifs . (A5.1), (AS. 2), (A5.3) and (AS. 4) are written as 


K X * u (AS. 7) 

y X ^ u (AS. 8) 


From r*<|iin . (AS -6) and (AS. 8) we get 


ti 


K « I) Uj 
• c — 


S- «S 


(A5 . 9) 



91 


SiiBpl i f y i ng 

e q n . ( A 5 . 9 ) 

we get 



11 ■*' 

[ I -■ F D 1 
c c 

F C X 
c c — 


CA5 .10) 

From eqna . 

(A5.10) and 

(A5 .7) 



X = 

{ ' “■= [ 

I - F D 1 pc'] 

c cj c c J 

^ X 

(A5. 11) 

Let A = 

A + B [I 
c c 

- F D ]"^ F C 

C C c c 




X = A X 


then 


CA5. 12) 
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APPENDIX - 6 

POLE ASSIGNMENT WITH OUTPUT FEEDBACK 


The technique given here is baaed on the work of Munro 
and Hirbod [33]. The method preaented in [33] provides a 
technique for the design of full-rank compensators for 
multivariable linear systems . Here the technique is restricted to 
single input linear systems 


and 


px= [A]x+bu 


CA6 . 1) 


y = [C] X 

tT 1 r 

wtiere, x ^ R , u « R and y -e R 

fitate, ini>ut: and output variables. 

function watL'ix G(£i) ia 


CA6.2) 

are respectively vectors of 
The r X 1 open-loop transfer 


GCj.) - c:(nl 



A^(s) 


uli^er a 


N, (s) 


L 


A (M) 


fi n - 

a ^ ^ B 


+ Ck 

n 


a B d 


W . ( ) 


n 


l< . , n 


1 , n - 


ft 


in 


A (n) i .M fh^- «h.uact. f*r i ic polynomial of GCs). 
o 

output t ha I '}■; law 


CA6.3) 


CA6.4) 


CA6 .5) 


Consider the 
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tiCa) " u,,C3) - F(3) . y(s) CA6.6) 

1 

uliCiie « R represents the reference input. 

The problenfi can be defined as the det erinlnat Ion of 1 x 
r dynamic feedback compensator^ F(s), such that the closed-loop 

ay a t em 

n(a) = [I + GCa) FCa)]“^ G(a) (Adi.?) 

haa a dealred aet o£ eigenvaluea. The kth order compenaator F(a) 
haa the form 

FCs) = M^Cs), M^(s)] CA6.8) 

where 

k k -1 k -2 . ^ /^A/: 

c 12 k 

and 

ri.(a) = 9 . 3 ^" + 9 .. 8 ^~^ ... +6'.. CA6.10) 

1, lo il ik 

A^_(;0 in the cliaract eri .g t i c polynomial of compensator transfer 

f li II t inn F ( a ) . 

Tlie lenulting closed-loop ayatem charaet eriatic polynomial 

A , ( n ) , * 1 ** t i n **d ari : 

d ■ 


A . ( ) 

« I 


n^k , 
a 


n ^ k - 1 

d ^ a 






^n-»-k 


(A6.11) 


hr wi I t, t rii an [ ^ J 
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r 

- A^(B).A^Ca) + J N^Cs) . Hj, Cs !) (A6.12) 

i = l 


COMPLETE POL E AS SIGNMENT 

The problem of pole assignment can be defined as : 

given A^(s), Nj^Cs) N^Cs) and a desired set of closed-loop 

poles, find A (s), M (s),..., n (s) of lowest degree which 
Cl r 

aatiafy eqn. (A6.12), Equating coefficients of like powers of a 
in eqn. (A6.12), we get 

" -k CA6.13) 

where 


1 

0 

0 


. . . 0 



. 0 


1 

- 

^12 

. . . 0 


^r2 

0 




- 





* 


1 


^11 



^rl 



“l 

''^'in 

^12 


^rn 

^r2 

n 


“2 

0 



0 


0 

n 


0 



0 


t) 

f] 






- 

II 

f) 

'ft 

: 0 

ft 


: 0 

'’rn 



I'i 


In 


K 

• 1 lUiVlif! 


K* 1 

CO 1 vimna 

K + 1 

columns 


I. 
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Hk = ^2 : : ^10 


Ik . . ro rk 


and 


£k 


[d^-«^) : Cd^-o^p :... : ; ‘^n+l •■■ ‘^n+k^. 


2 2 


n 


Equation (A6.13) la a aet of (n+k) equatlona In [(k+l)r+k] unknown 
parameters of F(a). The difference vector <5^ contains the 
coefficienta of the polynomial 


A^(s) = A^Cs) - A^(s) . s 


CA6.14) 


A neceaaary and auffieient codnitlon for the existence of solution 
of eqn. (A6.13) is 


Rank [Xj^] = Rank [Xj^, 6^^] 


(A6 . 15) 


and a solution of eqn. (A6.13) la 


£k " '''f > 


(A6.16) 


a1 

where la the* generalized Inverse of Xj^ atich that 


l\l fX*^] [Xj^] 


tv 


PARTIAL POLE ASSIGNMENT 


Consider the case when q poles are to be assigned, 
t = (n + k ““ q) poles are allowed to assume arbitrary locations. 
For this case the closed-loop system characteristic polynomial 
A^(a) has the form 
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A^Cs) = ■" ^ ®t^ CA6.17) 


where d^ , 


d are apecified 
q 

and e^ , e^ , - - 

. , e_^ are to 

t 

be 

det ermined . 

Here 

the difference 

vector <5, an 

k 

be obtained 

by 

equating the 

coefficients of like 

powera of' a 

in (A6.17) 

and 

(A6.12) as 






^k = 

^k ^ 

<5 + ... t e 

1 —1 t 

^t 

CA6. 

18) 


where the vectors 6^ and S (1 = 1, ..., t) contain respectively 

the coefficients of the polynomials 

A”(s) = A^(3 ).s'^ - A^(a).s*^ (A6.19) 

and 

A”(s) = A^Cs).s'^~\ (1 = 1 t) CA6.20) 


Eqn. (A6.13) In thia case will take the form 

tv £k = ik " 1 

where 


[D] = [6^, .... 6^] 

and 



Eqn. (A6.21) can be rearranged as 




(A6 .21) 


(A6 . 22) 
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wh (.-.f 


IX,;] -D] 

and CA6.23) 

r . t . t- t 

--k " 

Eqn. (A6.22) is a set of (n+k) simultaneous algebraic equations in 
tr(k+l) +■ k + t ] unknowns. Vector contains parameters of FCa) 
and the coefficients of polynomial of unassigned closed-loop 
poles. The necessary and sufficient condition for the existence 
of solution of eqn. (A6.22) is 

Rank [X,'] = Rank [X' <5,']. 

k k K 
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APPENDIX - 7 

STATE EQUATIONS FOR SVS AUXILIARY CONTROLLER 

A block diagram for SVS auxiliary controller is shown 
in Fig. A7.1. 


u 

s 

V 

2 

t s ‘ + t. s + 
o 12 

1 



^2 8iS <■ 82 



Fig. A7.1 


L et 


F(s) 


t a ' + t,3 + t„ 
o 1 Z 


.2 + g^s + g^ 


(A7 .1) 


t., 


Let 


c* 


1 ' t 




Eqn . ( A7 . 1 ) is wr i 1 1 en as 




1; fs" ^ «.,n + ot„] 
o 1 ^ 


2 t g, s + 

*'.» i. ^ 


(A7 . 2) 


PtM) t 


1 t 


y 

a ' t- g .^cj f 


(A7 .3) 
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Eqna - (A7.5), (A7.6) and (A7.7) are written aa , 



u 

& 


u 


o 


s 


Let 


X 

— s 


Vn, 


r,^] 




O 

1 

1 


I — “ 

o 

A 

3 

1! 


'®1 

b = 
s 

t 

o 


C 

s 




Eqno . (A7.S) and (A7.9) are written as 


* 

X “Ax + b u 

„<( ;j _f5 _.C) <3 


y ' C X 4 d u 
n <1 ~!) 3 s 


CA7.8) 


CA7.9) 


(A7 .10) 


CA7 .11) 



